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Attribution of hydrological change 
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land use change in the past three 
decades
Kaisheng Luo1,2, Fulu Tao1,3, Juana P. Moiwo4 & Dengpan Xiao5
The contributions of climate and land use change (LUCC) to hydrological change in Heihe River Basin 
(HRB), Northwest China were quantified using detailed climatic, land use and hydrological data, along 
with the process-based SWAT (Soil and Water Assessment Tool) hydrological model. The results showed 
that for the 1980s, the changes in the basin hydrological change were due more to LUCC (74.5%) than 
to climate change (21.3%). While LUCC accounted for 60.7% of the changes in the basin hydrological 
change in the 1990s, climate change explained 57.3% of that change. For the 2000s, climate change 
contributed 57.7% to hydrological change in the HRB and LUCC contributed to the remaining 42.0%. 
Spatially, climate had the largest effect on the hydrology in the upstream region of HRB, contributing 
55.8%, 61.0% and 92.7% in the 1980s, 1990s and 2000s, respectively. LUCC had the largest effect on 
the hydrology in the middle-stream region of HRB, contributing 92.3%, 79.4% and 92.8% in the 1980s, 
1990s and 2000s, respectively. Interestingly, the contribution of LUCC to hydrological change in the 
upstream, middle-stream and downstream regions and the entire HRB declined continually over the 
past 30 years. This was the complete reverse (a sharp increase) of the contribution of climate change to 
hydrological change in HRB.
Water is increasingly a limiting factor to socioeconomic development, especially in arid and semi-arid regions1. 
Water scarcity can endanger food security and sustainable economic development, as well as the health of the 
ecosystem2,3. Hence changes in water quantity have become the focus of attention in river basin management and 
ecological restoration.
Addressing the issue of water shortage requires knowledge of the factors which drive hydrological changes and 
the related effects on local water resources. The effects of climate and land use change (LUCC) on water resources 
have attracted much attention over the years4,5. In terms of global warming and extreme weather frequency and 
intensify6,7, climate change has been identified for the reductions in global water resources8,9 and exacerbation of 
water shortage in arid and semiarid regions. Also variations in regional hydrological cycles are closely related with 
LUCC10–12. Temperature increases with increasing global warming, causing changes in precipitation pattern and 
intensity which in turn significantly affect regional hydrological cycle13.
Documented literature reveals that often, several hydrological studies only deal with specific components of 
water balance, e.g., streamflow14–16, groundwater recharge17–20, runoff 21–24 and evapotranspiration25–28. Land use 
affects stream runoff 29–31, water infiltration capacity32,33 and surface evaporation34–36. However, few studies have 
focused on the evaluation of basin water balance in terms of the impact of LUCC and climate change on hydro-
logical processes.
Reviews of several domestic and international studies suggest that LUCC and climate change have significant 
effects on the hydrological components of a river basin37,38. However, it remains unclear which of the two factors 
(LUCC and climate change) dominantly contribute to basin hydrological processes. There is also a need to know 
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the temporal and spatial changes in the contributions of LUCC and climate change to basin hydrological change. 
Thus this study quantified the contributions of LUCC and climate change to a typical basin hydrological change 
in Northwest China temporally and spatially, which will deepen the existing understanding about the interaction 
of the selected hydrological factors and the implications for water resources management.
Heihe River Basin (HRB), the second largest inland river basin in China, was investigated in this study (see 
Supplementary Fig. S1). Because of the fragile ecological environment and severe water scarcity37, effective man-
agement is crucial for HRB hydrology. Water scarcity in the basin has caused significant changes in the local 
hydrological environment over the past decades; including environmental degradation, salinization and deser-
tification37. The change in hydrological regimes induced by LUCC and climate change37 is less understood in the 
basin.
The main objectives of this study were: 1) to quantify the contributions of LUCC and climate change to hydro-
logical processes in HRB in Northwest China; and 2) to determine the temporal and spatial trends in the contribu-
tions of LUCC and climate change to the basin hydrological change. To do this, SWAT (Soil and Water Assessment 
Tool) model was adapted to HRB using climate, hydrology, soil, land use and DEM data, and run for 11 scenario 
experimental conditions. To estimate the contributions of LUCC and climate change to the basin hydrolog-
ical change, one factor was changed at a time with the others held constant. Specifically, 11 model scenarios 
(i.e., M1, M2, M3, … , M11) were used to quantify the contributions of LUCC and climate change to the basin 
hydrological change. The Man-Kendall trend test was used to analyze the dynamics of temperature, precipitation 
and water yield in the basin (see Methods).
Results
Model calibration and validation. Based on the distribution of the natural drainage network, basin 
topography and rainfall, the HRB was delineated into 589 sub-basins. The sub-basins were further divided into 
6850 Hydrologic Response Unit (HURs) based on the basin land use, soil property and slope. The Nash-Sutcliffe 
efficiency coefficient (NS), R2 coefficient, percent bias (PBIAS) and RMSE-observation standard deviation ratio 
(RSR) were used to assess the reliability and accuracy of the model simulation. The accuracy measures at the 
yearly scale were 0.65 < NS < 0.75, 0.50 < RSR < 0.60, and 10% < PBIAS < 15% for both the calibration and vali-
dation periods. This suggested that the model performance was fairly good (Table S1), especially for the upstream 
region (UHRB), although the performance at monthly scale was not as good as at yearly scale (Table S2). The 
actual model performance was best for the downstream region (DHRB). This was because the observed river dis-
charge was either small or dried up, making the comparison impossible with the simulated values. The measured 
water yield was further compared with the simulated water yield at decadal scale. The comparison showed that the 
SWAT model performed fairly well, with a relative error range of 2.02‒ 3.42% (Table S3).
Land use change (LUCC) and climate change in 1980‒2000. Compared with the middle-stream 
(MHRB) and downstream (DHRB) regions, LUCC was smallest in the upstream (UHRB) region in 1980‒ 2009 
(see Supplementary Fig. S2). With the exception of the 1990s, agricultural land steadily expanded while forest 
land shrunk.
In the UHRB, the area of forest decreased in the 1980s, 2000s and during 1980‒ 2009, but increased in the 
1990s (see Supplementary Fig. S2). Pasture land decreased in the 1980s, but increased in the 1990s and the 2000s 
in the UHRB. The variation in land use was largest in the MHRB during 1980‒ 2009, with the largest change in 
the 1990s. As shown in Fig. S2 (see Supplementary), the largest fluctuation was for agricultural land. This was 
verified by published data in the statistics yearbook. Bare land (including desert and the Gobi land) expanded in 
the 1980s in the DHRB, but decreased since the early 1990s. Agricultural land steadily expanded since the 1980s 
in the study area.
Annual mean temperature increased significantly in the UHRB, MHRB, DHRB and the entire HRB during 
1980‒ 2009 (Figure S3, Supplementary). The largest change rate (0.62 °C/10a) was in the DHRB, followed by the 
UHRB (0.56 °C/10a) and then the MHRB (0.52 °C/10a). Annual precipitation increased slightly in the entire 
HRB (7.77 mm/10a) and in the three sub-regions, but none of the increases was significant (p > 0.05). The max-
imum increase was in the UHRB (12.21 mm/10a), followed by the MHRB (5.90 mm/10 yr) and then the DHRB 
(5.71 mm/10 yr) (see Supplementary Fig. S3).
Change in hydrological processes. Water yield change. Figure 1a depicts the changes in water yield and 
the related spatial patterns during 1980‒ 2009. Overall, the increase in water yield was most obvious in the UHRB 
and MHRB during 1980‒ 2009. However, there were clear differences in the spatial patterns, which was most obvi-
ous for the UHRB (0.3‒ 14.9 mm), followed by the MHRB and then the DHRB. Water yield generally increased in 
the entire HRB in the 1980s, with exception of the UHRB for which it was − 363‒ 20 mm (Fig. 1b). There was an 
overall decline in water yield in the entire HRB in the 1990s, except for the UHRB (Fig. 1c). The increase in water 
yield in most of the sub-basins in the UHRB exceeded 80 mm in the 2000s (Fig. 1c).
Water balance. The changes in water balance mainly reflected the combined effects of LUCC and climate change 
in the basin. Figure 2 depicts the changes in actual evapotranspiration (ET), surface runoff (SQ), groundwater 
recharge (GW), lateral flow (LA) and transmission loss (TL), both positive and negative trends existed for 1980‒ 
2009 in the basin. Under the combined effects of land use and climate change, the largest increase in ET in the 
UHRB was in the 2000s (157.78 mm), followed by the 1990s and then the 1980s. There was also an increasing 
effect of LUCC and climate change on ET in the MHRB. However, because of the small SQ, the change in SQ was 
less than 2.5 mm in both the MHRB and DHRB.
GW increased in the UHRB and MHRB, with the largest recharge in the 2000s in the UHRB and in the 1980s 
in the MHRB, however the trend weakened with time. GW in the DHRB had decreased since the 1990s, with the 
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largest decline in the first decade. The trend in LA was positive for the UHRB in the 1990s and the 2000s, for the 
MHRB in the 1980s and for the DHRB in the 1980s and 2000s. Also, it was positive for the UHR in the 1980s, for 
the MHRB in the 1990s and 2000s, and for the DHRB in the 1980s (Fig. 2). Overall, the change in ET due to the 
combined effect of LUCC and climate change in the three regions was largest during 1980‒ 2009, and that in SQ 
was largest for the MHRB.
Figure 1. Plots of β value for 1980‒ 2009 (a), change in water yield in the 1980s (b), 1990s (c) and 2000s  
(d) in Heihe River Basin (HRB) in Northwest China. This figure was generated though the ArcGIS 10.2 software 
provided Environmental Systems Research Institute (http://www.esri.com).
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The contribution of LUCC to the water balance is shown in Fig. 3. The maximum change in ET (− 85.27 mm) 
was in the 1990s for the UHRB. Then it had the largest effect in the UHRB, followed by the MHRB and DHRB. 
The contribution of LUCC to ET change increased in 1980‒ 2009 for the MHRB and DHRB. The effect of LUCC 
on SQ was relatively small in the MHRB and DHRB. The largest effect of land use on GW and TL was in 1980‒ 
2009 for the MHRB, followed by the UHRB and DHRB. Although the contribution of LUCC to the upstream 
hydrological change generally decreased, it had the largest impact on LA for UHRB, followed by the MHRB and 
DHRB. This was closely related to the transition trend in LUCC, especially with decreasing forest and pasture 
lands from the upstream to the downstream regions.
Figure 4 shows the contribution of climate change alone on the entire water balance in HRB. Due to climate 
change, ET increased in 1980‒ 2009 for the HRB, in the 1980s for the UHRB and in the 1990s for the MHRB. 
During 1980‒ 2009, the increase in ET was 261.35 mm for the UHRB, followed by the MHRB (217.94 mm) and 
DHRB (115.88 mm). Overall, SQ increased slightly during 1980‒ 2009 in the HRB. GW increased in the HRB dur-
ing 1980‒ 2009 due to climate change, but the trend was negative for the 1980s in the UHRB and for the 1990s and 
2000s in the MHRB. The effect of climate change was most obvious in the UHRB. In the DHRB, climate change 
mainly affected ET, which increased by 115.88 mm during 1980‒ 2009.
Figure 2. Plots of the combined effects of land use and climate change on the hydrology Heihe River Basin 
(HRB) in the 1980s (a–c), 1990s (d–f), 2000s (g–i) and 1980‒ 2009 (j–l). ET is actual evapotranspiration; SQ is 
surface runoff into reach (mm); GW is base-flow into reach (mm); TL is transmission loss; and LA is lateral flow 
contribution to stream-flow (mm).
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Contribution of LUCC and climate change to HRB hydrological change. The contribution of LUCC 
to the basin hydrological change was largest (92.3%) in the MHRB (Fig. 5). For climate change, the contribution 
was largest (55.8%) in the UHRB and smallest (2.0%) in the DHRB. In the UHRB, the contribution of climate 
change to the hydrological change was 12.9% higher than that of land use in the 1980s. Thus during this period, 
the basin hydrological change was mainly driven by climate change. However, LUCC was the driving factor of the 
basin hydrological change in the MHRB and DHRB. The contribution of LUCC to the hydrological change in the 
1980s was 86.4% higher than that of climate change in the MHRB and 85.6% higher than that of climate change 
in the DHRB. Due to uncertainty in the model simulation, residual effect was largest in the DHRB. This showed 
that in the 1980s the UHRB hydrological change was driven more by climate change whereas that in the MHRB 
and DHRB was driven more by LUCC. For the hydrological change in the whole HRB, the contribution of LUCC 
was 53. 2% higher than that of climate change.
In the 1990s, contribution of LUCC to hydrological change was largest (79.4%) in the MHRB and smallest 
(37.0%) in the UHRB. And contribution of climate change to hydrological change was largest (61.0%) in the 
UHRB and smallest (7.0%) in the MHRB. The hydrological change in the UHRB was mainly driven by climate 
change, accounting for 24% more than LUCC in the 1990s. Then the hydrological change in the MHRB and 
Figure 3. Plots of the effects of land use on the hydrology of the Heihe River Basin (HRB) in the 1980s  
(a–c), 1990s (d–f), 2000s (g–i) and 1980‒ 2009 (j–l). ET is actual evapotranspiration; SQ is surface runoff into 
reach (mm); GW is base-flow into reach (mm); TL is transmission loss; and LA is lateral flow contribution to 
stream-flow (mm).
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Figure 4. Plots of the effects of climate change on the hydrology Heihe River Basin (HRB) in the 1980s  
(a–c), 1990s (d–f), 2000s (g–i) and 1980‒ 2009 (j–l). ET is actual evapotranspiration; SQ is surface runoff into 
reach (mm); GW is base-flow into reach (mm); TL is transmission loss; and LA is lateral flow contribution to 
stream-flow (mm).
Figure 5. The contributions of land use and climate change to the entire hydrology of the Heihe River Basin 
(HRB). 
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DHRB was mainly driven by land use, accounting for 72.4% and 34.2% more than climate change, respectively. In 
the entire HRB, the contribution of LUCC to hydrological change was 3.4% greater than that of climate change.
LUCC was the main driving factor in the 2000s, accounting for 92.8% of the hydrological change in the 
MHRB. This agreed with the increase in contribution of climate change in the 2000s, with peak levels of 92.7% 
and 61.5% in the UHRB and DHRB, respectively (Fig. 5). The contributions of land use and climate change to the 
hydrological change in the entire HRB were 42.0% and 57.7%, respectively. This suggested that the effect of cli-
mate change gradually surpassed that of LUCC and became the main factor influencing the hydrological change 
in the HRB in Northwest China.
Discussions
LUCC and basin hydrological change. It was expected that changes in land use will continue in the 
future, which will have significant effect on regional water balance. Human disturbance of land cover systems has 
significantly altered the Earth’s land surface39, substantively reshaping global water balance40. The intensification 
of land use, population growth and socio-economic development continues to exert a huge pressure on available 
water resources40.
Deforestation decreases soil water retention capacity, and increases SQ by accelerating water movement due 
to low resistance to flow and low soil compaction41. In contrast, reforestation increases water retention capacity, 
and thereby decreases SQ by decelerating water movement due to high resistance to flow and longer flow paths42. 
Runoff was largest in the UHRB, which is the most forested sub-basin in the HRB. Forest area decreased in the 
1980s, 2000s and in 1980‒ 2009, but increased in the 1990s. These changes, resulting in decreasing albedo and 
increasing SQ in the 1980s‒ 2000s, led to the decline in ET. Nevertheless, the changes in land surfaces, groundwa-
ter and pasture somehow compensated the effects of deforestation on the basin water resources.
Surface roughness, albedo and other properties that affect the exchange of water and energy between the land 
surface and the atmosphere are altered by LUCC. This results in the variability of surface energy and net radiation39, 
which in turn influences hydrological processes. The expansion of agricultural lands has a significant effect on 
shallow aquifer water system due to the associated increase in irrigation43. Over 80% of irrigated agricultural 
lands in the HRB are located in the MHRB. In the past 30 years, agricultural land increased by 579.4 km2, and 
most of which (499.7 km2) was in the MHRB. Change in agricultural land was the main form of LUCC in the 
middle-stream region, with a major impact on water balance. With the expansion of agricultural land in the 1990s 
and 2000s, TL and GW increased (due to enhanced infiltration) and ET increased (due to flood irrigation). In the 
1980s, TL and ET decreased with the shrinking of agricultural lands. On the average, agricultural lands expanded 
steadily in the Ejnaqi Oasis by 86.9 km2 in 1980‒ 2009. Also because of this, the oasis rapidly degraded into desert, 
which in turn affected water balance in the DHRB.
Irrespective of the seasons in a year, degradation of productive lands into barren lands induces the most 
change in total heat flux. In the HRB, ET was mainly driven by available energy. The conversion of grassland into 
barren or sparsely vegetated lands limited available energy for ET, which in turn accelerated runoff 34. Desert and 
oasis are the dominant landscape in HRB. Desert is dominant in the MHRB and DHRB, accounting for 73.0% in 
the DHRB. Desertification was therefore the main mode by which LUCC influenced water balance in the study 
area. The expansion of deserts in the past 30 years was 61.9 km2, significantly influencing water availability in the 
DHRB. There was a clear negative correlation between change in ET and time during 1980‒ 2000. Also for 1980‒ 
2009, desertification reduced TL and GW, resulting in low SQ and LA in the DHRB.
The contribution of LUCC to the basin hydrological change was 87.4% in the 1980s, which dropped to 30.1% 
in the 2000s. The average contributions of LUCC to upstream, middle-stream and downstream hydrological 
change in 1980‒ 2009 were 30.3%, 88.2% and 61.1%, respectively. Thus unlike the UHRB, LUCC dominantly 
influenced hydrological change in the MHRB and DHRB in 1980–2009. Forest and pasture accounted for over 
90% in the UHRB, which, along with sparse population, mitigated the effect of human activity on the basin 
hydrological change. The MHRB is a predominantly agricultural-based basin with a relatively dense population, 
hence the Gansu side of the Hexi Corridor is a main grain production region44, and human activity has a major 
impact on the local hydrological change.
The results are supported by several previous studies45–47. Compared with climate change, human activity has 
larger effect on the hydrological processes in the MHRB45. Due to human activity, the heterogeneity and diversity 
of the landscape have been deteriorating since the early 1980s37. Human activity was the main driver of deserti-
fication in MHRB in 1860‒ 199937,45, particularly as driven by the temporal and spatial pattern of water resources 
in the region46. Vegetation degradation in DHRB was mainly driven by intensive human activity in the region in 
the past five decades47.
Contribution of climate change to hydrological change in the entire basin. Annual mean tem-
perature in the HRB increased with increasing global warming, the rate was much higher (0.054 °C/yr) than 
the global mean (0.012 °C/a)48,49, and especially in the DHRB (0.062 °C/yr). Warming climatic conditions are 
expected to increase evaporation rate50. Although overall ET increased notably in the HRB in 1980‒ 2009, this was 
more obvious in the UHRB where it had the largest effect due to scarce water resources. Obviously, the changes in 
ET were due to climate change51. Low ET in the 1980s in the UHRB and in the 1990s in the DHRB was due to low 
wind speed, which reduced the role of rising temperature in the basin hydrological change.
There was a weak increase in annual precipitation, resulting in an overall increase in the basin SQ in 1980‒ 
2009. The largest increase in SQ was in the MHRB, followed by the UHRB and DHRB. In the UHRB, SQ 
increased due to increased summer precipitation and warming winter conditions52. The widespread of forest in 
the region enhanced soil water retention and thereby decreased SQ. Currently, in the MHRB, there are over 80% 
agriculture land and 86% impervious surface, which significantly increase SQ. Because of high ET (driven by high 
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temperature and the vast desert and the Gobi), SQ was very small in the DHRB. Climate change had the largest 
effect on GW, LA and TL, and thus on ET and SQ, with the largest effect in the UHRB.
ET was the main factor influencing the contribution of climate change to the hydrological change in MHRB 
and DHRB. The contribution of climate change to the hydrological change in the upstream basin was 55.8% 
(1980s), 61.0% (1990s) and 92.7% (2000s). The contribution of climate change to the hydrological change in 
middle-stream basin was 5.9% (1980s), 7.0% (1990s) and 13.0% (2000s). It was 2.0% (1980s), 31.5% (1990s) and 
61.5% (2000s) in the downstream basin. Thus the average contributions of climate change to the hydrological 
change in the upper, middle and down steam basins in 1980‒ 2009 were 21.3%, 57.3% and 57.7%, respectively. 
Although it was only 36.7% for the whole HRB in 1980‒ 2009, it obviously increased with climate warming. SQ 
and ET increased with increasing temperature and precipitation53, further influenced runoff and hydrological 
processes in the MHRB and HRB54,55.
Temporal and spatial changes in analyzed contibutions. There was a large spatial variation in the 
contributions of LUCC and climate change to the hydrological change in the HRB. In the past three decades, the 
effect of climate change on the basin hydrological change was largest for UHRB, followed by DHRB and then 
MHRB. The largest contribution of LUCC to hydrological change was in the MHRB, followed by the DHRB 
and UHRB. There is little human activity in the study area because of the sparse population and harsh natural 
environment51. The MHRB has the largest population and the most robust economy in the HRB in Northwest 
China44,45. Interestingly, the contribution of LUCC to hydrological change continually decreased in the upstream, 
middle-stream, downstream basins and then in the entire HRB over the past 30 years. On the contrary, the con-
tributions of climate change to the hydrological change in the basin sharply increased. The trends could continue 
in the future due to the projected climate change56,57.
Adaptive strategies and options. The analysis on the attribution of the basin hydrological changes to 
LUCC and/or climate change is fundamental to basin water resources management and planning. This study 
indicated that the contributions of LUCC and climate change to basin hydrological change varied with regions 
due to the heterogeneity of hydrological conditions58. This suggested that the level of priority on LUCC manage-
ment and climate change adaptation should be made for different regions. For instance, the forest region of the 
UHRB (as the water source region of HRB) should be strictly protected because of its critical role in protecting 
hydrologic function. In the MHRB, it is urgent to control the rate and scale of expansion of agricultural lands 
because of its negative effect on hydrological cycle. Water consumption in industrial and domestic sectors is small 
in the HRB, but a huge 87% of total water use is from the agricultural sector37. Increasing agricultural water use 
with increasing population in the MHRB has occupied ecological water use in the DHRB37. The current flood 
irrigation is the least efficient way of agricultural water use, which results in a considerable waste of the limited 
available water resources in the basin43,44. To address the water shortage problem, some less productive croplands 
should be transformed into grassland and some high water consumption cropping systems should be transformed 
into low water consumption ones. Efficient water allocation should be emphasized for ecological, agricultural, 
industrial and human consumption.
Methods
Site description. The HRB lies in Northwest China, within 38‒ 42° N and 98‒ 101° W, and covers an area of 
14.31 × 105 km2 (see Supplementary Fig. S1). The basin is divided into three sub-basins — the upstream basin 
(UHRB) of the Qilian Mountains in Qinghai Province; the middle-stream basin (MHRB) of the oases and irri-
gated lands in Gansu Province, and the downstream basin (DHRB) of the Gobi Desert in Inner Mongolia53. There 
are 17 main tributaries (41 perennial tributaries) in the basin originating from Qilian Mountains. The estimated 
mean runoff from the tributaries is 34. 43 × 108 m3/yr. Heihe River (the main river in HRB) is the largest peren-
nial river, with a total length of 812 km and runoff of 15.8 × 108 m3/yr, accounting for half of the total runoff in 
the basin. As a hinterland river basin in continental Asia, HRB has an arid continental monsoon climate that is 
extremely hot in summer and severely cold in winter, with 60–70% of the precipitation occurring during July to 
September37.
Hydrological model setup. The Soil and Water Assessment Tool (SWAT), which is a physically-based, 
semi-distributed hydrological model was used in this study. Because SWAT is a deterministic model, each suc-
cessive model run that uses the same inputs gives the same outputs. This type of model is suitable for isolating the 
effects of a single variable, allowing the impact of change to be isolated and quantified relative to the contributions 
of other variables. Because of this, the SWAT model and its variants are widely used around the world58,59. A com-
prehensive index of water yield (Ywater) was used to characterize the total effects on hydrology in the investigated 
basin. Ywater = SQ + LA − TL − Pond: where SQ is surface runoff into reach (mm); GW is baseflow into reach 
(mm); TL is transmission loss [mm]; LA is lateral flow contribution to streamflow (mm); and Pond is intercepted 
water from reservoirs/ponds (mm). Reservoir/pond interception was negligible in this study because the limited 
number/area of reservoirs/ponds in the basin. The contributions of LUCC and climate change to hydrological 
changes in the basin were quantified by comparison with different climate scenarios.
The model was pre-run for the period 1975‒ 1981 to stabilize the used parameters. Then data for 1981‒ 1997 
were used for calibration and 1998‒ 2010 for validation. The Nash-Sutcliffe efficiency coefficient (NS) and coef-
ficient of determination (R2) were used to evaluate the model performance, comparing simulated and observed 
discharge at both monthly and yearly scales. The Nash-Sutcliffe efficiency coefficient (NS), R2 coefficient59, per-
cent bias (PBIAS) and RMSE-observation standard deviation ratio (RSR)60,61 were used to assess the reliabil-
ity and accuracy of the model simulation. Generally, a model simulation is rated as good if 0.65 < NS < 0.75, 
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0.50 < RSR < 0.60 and ± 10% < PBIAS < ± 15%. A model simulation is judged as satisfactory if 0.50 < NS < 0.65, 
0.60 < RSR < 0.70 and ± 15% < PBIAS < ± 25%60.
With snow hydrology module, SWAT is also suitable for simulating snowmelt runoff 61,62. In SWAT, the areal 
coverage of snow in a basin is defined using areal depletion curve, which describes seasonal growth and recession 
of snowpack as a function of the amount of snow in the sub-basin. Snowmelt is controlled by air and snowpack 
temperature, melting rate and areal snow coverage. Three parameters control snowfall accumulation — snowfall 
temperature threshold (SFTMP), areal snow coverage threshold at 100% (SNOCOVMX) and areal snow cover-
age threshold at 50% (SNO50COV). Another four parameters govern SWAT snowmelt estimation — snowpack 
temperature lag (TIMP), snowmelt base temperature (SMTMP), maximum melt factor (SMFMX) and minimum 
melt factor (SMFMN)58. To reduce uncertainty, a suitable parameter was selected through sensitivity analysis 
using the Latin Hypercube approach at the 0.001 step length. Agricultural areas can be irrigated using diversions 
from within the sub-basin or outside the sub-basin. All irrigation parameters adopted in the model were the 
model default values.
Data. The soil data used in the SWAT simulation were from Harmonized World Soil Database (HWSD). The 
land use data (including 1985, 1995, 2000, 2005 and 2008) were from Environmental Data Center of Chinese 
Academy of Sciences. Then land use data for 2005 were used to build the model and the others used to construct 
scenario conditions. The land use status in each decade was represented using the mid-year land use maps for the 
HRB. The land use maps for 1985, 1995 and 2005 were considered to be sufficiently representative of land use in 
the 1980s.1990s and 2000s, respectively. Weather data for the SWAT model simulation were obtained from China 
Meteorological Administration. Daily climate data for 1980‒ 2012 were from 14 weather stations administrated 
by China Bureau of Meteorology. Hydrological data were from Heihe River Water Protection Bureau and China 
Hydro-Statistical Yearbook. Monthly mean discharge data used for the model calibration and validation were 
from 11 gauge stations in the basin. Shuttle Rader Topography Mission Digital Elevation Model (DEM) with a 
resolution of 30 m was obtained from West Data Center of China (WDCC).
Analysis. To estimate the contributions of LUCC and climate change to the hydrological change in the 
HRB, one factor was changed at a time and the rest held constant. Specifically, 11 model scenarios (i.e., M1, M2, 
M3, … , M11) were run to quantify the contributions of LUCC or climate change to the basin hydrological change. 
The M01 to M04 scenarios were used to quantify the contributions of LUCC and climate change to HRB basin 
hydrological change in the 1980s. Then scenarios M4 to M7 were used to quantify the contributions of LUCC and 
climate change to hydrological change in the 1990s. Also, scenarios M8 to M11 were used for the contributions 
of LUCC and climate change to hydrological change in the HRB in the 2000s (Table 1). The contribution for each 
decade was evaluated by comparing the differences of simulated water yield between two scenarios in the HRB 
and three sub-basins (Table 2).
A representative land use for the 1980s and climate data for 1980‒ 1989 (hereafter called 1980s climate) were 
denoted by modeling scenario M1. Then a representative land use for the 1990s and climate data for 1990‒ 1999 
(hereafter called 1990s climate) were denoted by modeling scenario M4. The hydrological change in 1980s 
due to the combined effects of LUCC and climate change was calculated as the difference between M4 and M1 
(YM4-YM1). A representative land use for the 1980s and climate data for 1990‒ 1989 (hereafter called 1990s climate) 
were denoted by modeling scenario M2. Also a representative land use for 1990s and climate data for 1980‒ 1989 
(hereafter called 1980s climate) were denoted by modeling scenario M3. The contribution of climate change to 
hydrological change in the 1980s was then calculated as:
=
−
−
×CR Y Y Y
Y Y
( ) 100%
(1)climate 80s
M2 M1
M4 M1
Scenario Land use Climate change
M1 1980s 1980s
M2 1980s 1990s
M3 1990s 1980s
M4 1990s 1990s
M5 1990s 2000s
M6 2000s 1990s
M7 2000s 2000s
M8 2000 2000‒ 2006
M9 2000 2007‒ 2013
M10 2008 2000‒ 2006
M11 2008 2007‒ 2013
Table 1.  A list of the different model scenarios used to evaluate the impacts of land use and climate change 
on the hydrology of Heihe River Basin (HRB) in Northwest China. Note that land use maps for 1985, 1995 
and 2005 were used to represent land use in the 1980s, 1990s, 2000s, respectively; climatic condition of the 
1980s is denoted by climatic data for 1980–1989; climatic condition of the 1990s is denoted by climatic data for 
1990–1999; and then climatic condition of the 2000s is denoted by climatic data for 2000–2009.
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where CRclimate 80s is the contribution of climate change to hydrological change in the 1980s; YM4, YM2 and YM1 are 
the water yields of model scenarios M4, M2 and M1, respectively.
Similarly, the contribution of LUCC to hydrological change in the 1980s was quantified by comparing model 
scenarios M1, M2 and M4. Hence, the contribution of LUCC to hydrological change in the 1980s was calculated as:
=
−
−
×CR Y Y Y
Y Y
( ) 100%
(2)landuse 80s
M3 M1
M4 M1
where CRlanduse 80s is the contribution of land use to hydrological change in the 1980s; YM1, YM3 and YM4 are the 
water yields of model scenarios M1, M3 and M4, respectively.
(YM4 − YM1) − (YM2 − YM1) − (YM3 − YM1) was the residual error of the model simulations (Table 3). Residual 
error is a model induced error calculated as:
=
− − − − −
−
×CR Y Y Y Y Y Y Y
Y Y
( ) ( ) ( ) ( ) 100%
(3)residual80s
M4 M1 M3 M1 M2 M1
M4 M1
where CRresidual 80s is the contribution of residual error to the calculations for the 1980s; and the other variables 
defined as above.
A similar method was used to calculate the contribution of LUCC and climate change to hydrological change 
in the UHRB, MHRB and DHRB sub-basins and then the entire HRB in the 1990s and 2000s.
Linear regression analysis was used to depict the trends in precipitation and temperature in the entire basin 
study area and then the three sub-basins. Using the Mann-Kendall trend analysis, annual water yield (β) was cal-
culated for each of the 589 third-tier sub-basins and then summed up for the three second-tier sub-basins of the 
HRB. A positive β suggests an increasing trend and vice versa. Then the larger the absolute value of β, the faster 
and larger the trend of change.
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